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Abstract. A set of formal systems for describing the coordinates of solar image data is proposed. These systems build on

current practice in applying coordinates to solar image data. Both heliographic and heliocentric coordinates are discussed.
A distinction is also drawn between heliocentric and helioprojective coordinates, where the latter takes the observer’s exact
geometry into account. The extension of these coordinate systems to observations made from non-terrestial viewpoints is
discussed, such as from the upcoming STEREO mission. A formal system for incorporation of these coordinates into FITS

files, based on the FITS World Coordinate System, is described, together with examples.

1. Introduction out into the corona, a complete three-dimensional coordinate
] o . ~_ system is required. Unfortunately, not all the information
Solar research is becoming increasingly more sophisticaticessary to determine the full three-dimensional position of
Advances in solar instrumentation have led to increases in SRaso|ar feature is usually available. Therefore, in developing
tial resolution, and will continue to do so. Future space Migyordinate systems for solar data, one must take into account
sions will view the Sun from dierent perspectives than thenat one of the axes of the coordinate system may be missing.
current view from ground-based observatories, or satellites in Also, since the Sun is a gaseous body, there are no fixed
Earth orbit. Both of these advances will require more careful "ﬁbints of reference on the Sun. What's morefaient parts
tention to the coordinate systems used for solar image dataptihe Sun rotate at fierent rates. The rotation rate depends
fact, some taste of this has already occured with the Solar g oniy on latitude, but also on how deeply the magnetic field
Heliospheric Observatory (SOHO) satellite (Domingo et ajnes of a given feature are anchored in the photosphere. Thus,
1995), which views the Sun from the inner Lagrange point bgs, example, active regions followférent diferential rotation
tween Earth and the Sun. The Sun appears approximately L than smaller-scale magnetic features at the same latitudes.
bigger from SOHO than it does from Earth, requiring adjust- £qr the above reasons, attention will be given to coordi-
ment whenever SOHO images are compared with data frefhe systems which take the observer’s viewing geometry into
ground-based observatories, or satellites in low Earth orbit. ~;nsideration. Some coordinate systems will be rotating with
Although there is widespread agreement on the coorgéspect to other coordinate systems, and in all the coordinate
nate systems to be used for interplanetary space (Russell 1%{&tems, at least some part of the Sun will be moving rela-
Hapgood 1992; Femz & Harper 2002) no formal structure extive to that coordinate system. For those reasons, the coordinate
ists for solar image coordinates, except for the well-establishggstem should not really be considered complete without also
heliographic coordinate systems. In particular, there is mgking time into account. In the discussion which follows, all
agreement on how these coordinates should appear in Foddrdinates will assume a given observation time
headers, with potential confusion when data from one observa- With solar imaging instrumentation now planned for space-
tory is compared to data from another. This document outlineft which will operate at large distances away from the Earth-
the various possible coordinate systems which may be used$@ line, such as STEREO (Socker et al. 1996), consideration
solar image data, and to show how these coordinate systemsiigst also be given as to how the viewpoint of the instrument
late to the World Coordinate System (WCS) formalism used §hould be taken into account in the coordinate system. This is
FITS files. In devising the coordinate systems outlined belogiso discussed in Sec. 9.1.
attention is given to current practice within the solar imaging

community. . o :
. 1.1. Coordinate Systems within FITS files
Normal coordinate systems used for extra-solar

observations—such as right ascension and declination, Tavo different styles of including coordinate information within

galactic longitude and latitude—only need to worry abodRITS files will be considered here. The first is the coordinate
two spatial dimensions. The same can be said for nornsgistem from the original FITS specification, while the second is
cartography of a planet such as Earth. However, to propethe more modern World Coordinate System. The latter allows
treat the complete range of solar phenomena, from the interior much more flexibility in the types of coordinate systems
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which can be expressed, as well as in describing how the in-  CRPIXj: Has the same definition as in the original

strument coordinate axes map into real-world coordinates. For
those reasons, we will concentrate on the World Coordinate
System implementations of the coordinate systems. However,
the older system will also be considered where appropriate.

1.1.1. The Original FITS Coordinate System

In the original FITS paper (Wells et al. 1981), the coordinates
of a data array were specified with the following keywords in
the FITS header:

FITS coordinate system. For spherical coordi-
nates, there may be certain restrictions on the
reference pixel.

PCi_j: A coordinate transformation matrix, de-

scribing the conversion from pixel coordinate
axesj into intermediate pixel coordinatds
The default values foPCi_j are 1 forj =i
and O elsewhere. This transformation matrix
replaces the oldecCROTAn keyword, which
is now considered obsolete in the WCS for-

malism. As well as rotations, theC matrix
can also encode other transformations, such as
skew.

CDELTi: Has essentially the same definition as in
the original FITS coordinate system. In the
WCS formalism,CDELTi is appliedafter the
PCi_j coordinate transformation.

(There is also an optional form of the WCS formalism in
which both thePCi_j and CDELTi keywords are combined
into a singleCDi_j matrix. This is discussed in more detail
in Sec. 1.2.)

2. For spherical coordinates, the projection plane coordinates
are converted into an intermediate spherical coordinate sys-
tem using the following keywords:

CTYPEi: A string value representing the type of
each coordinate axis. For spherical coordi-
nates, the first four characters express the co-
ordinate type, while the second four charac-
ters express the map projection used. (For non-
spherical coordinates, the second four charac-
ters can also express a non-linear transforma-
tion such as “L0G".)

PVi_m: Additional parameters required in some co-
ordinate systems.

3. The intermediate coordinate system is converted into the

In the simple case where the rotation angle is zero, the trans- standard coordinate system using the following keywords:

formation from pixel to real world coordinates is then CRVALi: The coordinate value of the reference pixel

along axis.

CUNITi: The units of the coordinates along akis

LONPOLE, LATPOLE: Angular coordinates used for

CRPIXn: A reference pixel, which is subtracted from
the pixel coordinates along the axis. This can
be a fractional value, representing a point between
pixel centers, and can even lie outside the array.
Common values are the first pix€RPIXn=1 or
the center pixeCRPIXn=(NAXISn+1)/2. Note that
CRPIXn follows the Fortran convention of counting
from 1 toN, instead of from 0 tdN — 1 as is done in
some programming languages.

CRVALN: The coordinate value of the reference pixel
along axisn.

CDELTN: The pixel spacing along axis

CROTAN: The rotation angle, in degrees, to apply to
axis n. Normal usage is to associate both spatial
axes with the same rotation angle, while any other
axes of the array would have a rotation of zero. The
exact method of applying the rotation angle was not
specified in the original paper, but commonly used
conventions have developed over the years, as dis-
cussed in Sec. 8.

CTYPEN: A string value labeling each coordinate axis.
A common system, used by the SOHO spacecraft,
labels the westward axis 89LARX and the north-
ward axis aSOLARY.

X = CRVALN + CDELTN X (i — CRPIXn).

(The case wher€ROTAN # 0 is discussed in Sec. 8.) Later, we

will show that this older system can be considered a special
case of the coordinate systems described below.

1.1.2. The World Coordinate System

spherical transformations. Only used for spher-
ical coordinates. These keywords take default
values depending on the map projection used,
if not present in the FITS header.

The World Coordinate S_ystem (WCfS) (Greisen & Calabre_tf_aor linear coordinates, steps 2 and 3 are combined into a single
2002; Calabretta & Greisen 2002) is a system for describi

the coordinates of a FITS array, and includes a system of de-"

scribing various map projections for spherical coordinates, It IS @ requirement in FITS files, and in WCS in particu-
simplified form, the basic process is as follows: lar, that all angles must be in degrees. (However, see Sec. 9.2.)

_ _ _ o For simplicity, in the following, all trigonometric functions are
1. The pixel coordinates of an image, which in the FITS cossumed to have their arguments in degrees, while the inverse

vention run from 1 td\, are converted into projection planefunctions are assumed to return values in degrees.
coordinates in physical units, using parameters described

. It is possible in WCS to have more than one coordinate
by the following keywords:

system for any given data set. An alternate coordinate system

1 Future planned developments for the WCS include spectral cowould be expressed using all the above keywords followed by
dinates, non-linear distortions, and possibly temporal coordinates. one of the letters “A’ to “Z”, e.gCRPIX1A, PC1_1A, etc. The
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Table 1. Alternate forms of the World Coordinate systems for use i&. Heliographic Coordinates

binary tables. The parametdrsj, andm are integer indices, while

represents an optional single-character code for alternate coordinke well-known heliographic coordinate system expresses the
systems, as explained in the text. The additional paranmetepre- latitude ® and longitude® of a feature on the solar surface,
sents the column in the binary table. and can be extended to three dimensions by adding the ra-
dial distancer from the center of the Sun. The rotational axis
used to define the coordinate system is based on the original
work of Carrington (1863). According to Seidelmann (1992),

Binary tables
Keyword description Main array  Primary  Alternate

Axis type CTYPEia iCTYPn  iCTYna . . . :

Axis Units CUNITia e — the following values are used in generating t&tronomical

Reference value CRVALia  iCRVLN  iCRVna Almanac (USNGHMNAO 2004)

Pixel scale CDELTia iCDLTn  iCDEna

Reference point ~ CRPIXja  jCRPXn  jCRPna — The inclination of the solar equator to the ecliptic i85.

Eansmrmat'on.mat”x PCl-ja lJpCn- ijpcna — The longitude of the ascending node of the solar equator
L. Trans. matrix CDI-ja 1 con '/CDna on the ecliptic is 7576 + 0201397, whereT is the time in

Coordinate parameter PVi_ma Vn_m ivn_ma

Native longitude LONPOLEa LONPn  LONPna years from J2000.0.

Native latitude LATPOLEa LATPn LATPna

(A precise definition of the ecliptic can be found in Lieske et al.

keywords WCSNAME can be used to label each alternativ€l977).) There are two basic variations on the heliographic sys-

coordinate system—see Figs. 5 to 7. tem, which we will refer to as Stonyhurst and Carrington helio-
Modified versions of the above keywords for use in p@raphic. Both use the same solar rotational axis, afidrdinly

nary tables are listed in Greisen & Calabretta (2002) and ithe definition of longitude.

Calabretta & Greisen (2002). For convenience, these are re-There are several limitations to the use of heliographic co-

produced in Table 1. For example, the keywGRPIX3 in the ordinates when used with two-dimensional image data:

main part of a FITS file would translate inB@RPX7 for an ar-

ray stored in the seventh column of a FITS binary table, while Without ther axis, coordinates can only be expressed for

CRPIX3A would translate int@CRP7A. (Also, see the above ref- '

erences for a discussion of pixel lists.) pixels on the solar disk.
P ' — Features which are significantly elevated above the solar

surface will project into coordinate®(®) which are dif-
1.2. The alternate CD transformation matrix ferent from their true coordinates in a complete@®(, ®)

. . system.
Z\k/‘(()alu\t/ivoorrlidn ggzgg%;mseﬁteﬁ]ehaziE?ﬁgg&gﬁoﬁ%dﬁerabl—e At some wavelengths, particularly in Helium lines, the ap-
was to remove the ambiguity in the use of @R@TAiI keyword, gaSroeA)nt solar fimb will be larger thaR, by as much as
and to allow more flexibility in the kinds of coordinate trans- =~
formations that could be applied to data. Part of the process in
developing the WCS formalism was deciding whether or nbtowever, the coordinate system is well suited for many types
the pixel spacing paramete€®ELTi should be kept separate of solar data.
or merged into the overall transformation. Some earlier drafts
of Greisen & Calabretta (2002) (and earlier presentations of . . .
the present work) deprecated the use of @heLTi keyword, 2-1- Stonyhurst Heliographic Coordinates

using instead a single transformation matt-j which incor- The origin of the Stonyhurst heliographic coordinate system is
porated the functions of botDELTi andCROTAi. However, the '9 - Y grap y .
at the intersection of the solar equator and the central merid-

final version of the WCS paper has both @€LTi, PCi_j and . : )
. . . _jan as seen from Earth. Thus, the coordinate system remains
the CDi_j formalisms. There are thus two ways that coordinale ; ; .
. ; e xed with respect to Earth, while the Sun rotates (synodically)
transformations can be entered into FITS files: : . : :
underneath it. The angléd and® are given in degrees, with
— One can either use the pixel spacing keywo@@ELTi, @ increasing towards solar North, add increasing towards

together with the (dimensionless) transformation matritke solar West limb. The distanceis either a physical dis-

PCi_j, tance in meters, or is relative to the solar photospheric diameter
— Or, one can combine both of these functions into the singRe ~ 6.96 x 108 m. This coordinate system is demonstrated in
(dimensioned) transformation mati®i_j. Fig. 1.

The two alternate formats are related through the expression An alternative to the coordinate is the heigltt=r - R,
relative to the solar surface, whenés positive above the sur-

CDi_j = CDELT] X PCi_]. face and negative below the surface.

Either format is acceptable, but only one should be used in It should be noted that Stonyhurst heliographic coordinates
any FITS file. For compatibility with older FITS formats, theare closely related to Heliocentric Earth Equatorial (HEEQ) co-
CDELTI, PCi_j formalism is recommended. ordinates (Hapgood 1992). Conversion between these two sys-
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to 27.34 days, depending on where Earth is in its orbit, marks
the beginning of a new “Carrington rotation”. These rotations
are numbered sequentially, with Carrington rotation number 1
commencing on 9 November 1853. The start date and time of
each Carrington rotation (also known as the “synodic rotation
number”) is published in théstronomical AlmanacFor ex-
ample, Carrington rotation number 1900 began on 2 September
| West limb 1995.

Carrington longitude isfiset from Stonyhurst longitude by
a time-dependent scalar value. In other words, at any given
time t, the relationship between Stonyhurst longitubleand
Carrington longituded. is given by the equation

North pole

East limb |

,,,,,,,,,,, Oc =D + Lo, (2)
South pole

wherely is the Carrington longitude of the central meridian
Fig. 1. A diagram of the Sun, showing lines of constant Stonyhur8S Seen from Earth. At the start of each Carrington rotation,
heliographic longitude and latitude on the solar disk. The origin &0 = 360° and steadilydecreaseauntil it reachesLo = 0, at
the coordinate system is at the intersection of the solar equator awaich point the next Carrington rotation starts. Note that this is
the (terrestrial) observer's central meridian. This representation is atke opposite behavior of the decimal Carrington number of the
known as a Stonyhurst grid. central meridian, which constantly increases. The daily values
of Ly are available in théstronomical Almanac

tems are given by the equatiéns
3. Heliocentric Coordinates

r

\/XZHEEQ + YZHEEQ + ZZHEEQ7 . . . . .
Heliocentric coordinates express the true spatial position of a

o = tal (ZHEEQ/ /XZHEEQ+Y2HEEQ)7 feature in physical units from the center of the Sun. There
are a number of well-established heliocentric coordinate sys-
® = arg(Xneee YHeeq)s (1) temsusedin space physics (Hapgood 1992). Examples include
Heliocentric Aries Ecliptic (HAE), Heliocentric Earth Ecliptic
Xueeo = T €COSO cOSD, (HEE), and_HeIiocentric Earth_EquatoriaI (HEEQ). Each of_
Yoo = T COSO SN, these coordinate systems consists of three mutually perpendic-

ular axesX, Y, andZ, which together form a right-handed co-
ordinate system. For example, the HEE system haX aris

To maintain this relation, and to avoid confusion, we sui—omtmg along the Sun-Earth line, an’axis pointing along

. - . the ecliptic north pole. In this work, we will define additional
gest that for non-terrestrial observers, the origin should still be. . . . o
-~ n?hocentnc coordinate systems oriented specifically towards
referenced to the central meridian as seen from Earth (speu0 lar imace data
ically geocenter). Thus, the coordinates of any feature on the g N : .
No solar observation from a single perspective can truly be

surface at a given timé will be the same for any observer. . i . . i ' .
Observations made from a distance significantijedent than sf':ud to be in heliocentric coordinates as defined below. Lines of
1 A.U. may require a light travel time correction for utmos?'ght from the observer to the Sun are not truly parallel to each
accuracy other, so that translating image position into a physical distance
' will depend to some extent on where the feature is along the
line of sight. Also, no attempt is made to distinguish the var-
2.2. Carrington Heliographic Coordinates ious possible map projections—e.g. whether one is measuring
. . . L .an angular distance, the sine of the angle, or the tangent of th
The Carrington coordinate system is a variation of the he||8- angular distance, the sine of the ang €, orihe tangent of the
: : L arhgle. However, for many cases, these distinctions are unim-
graphic system which rotates at an approximation to the mea ! . . .
solar rotational rate, as originally used by Carrington (186 ortant, and heliocentric coordinates as defined here are often
The sidereal eriod' of thegCarr?ln ton system i3925 38 da Séry useful. They also serve as a basis for the helioprojective
P g y : oordinate systems discussed later.

which translates into a mean synodic period of 27.2753 days No matter what perspective an observer has, the heliocen-

(Stix 1989). Seidelmann (1992) gives the angle of the prime : . : :
meridian from the ascending node as i at J2000.0. Each tric coordinate systems discussed below will have axes defined

. . . L _ . relative to that observer. Thus, unlike the heliographic case, an
time the Carrington prime meridian coincides with the centra : . .
- . ervation made from a non-terrestrial platform will measure
meridian as seen from Earth, which happens once each 27, pen . .
coordinates which will be diierent from those measured from

2 The function arg is defined such that atg() = tarri(y/x), where Earth. Hence, at least for non-terrestrial observations, informa-
the answer can lie anywhere from -186 180, and thus resolves the tion must also be provided about the observers position to prop-
the ambiguity between which quadrant the result should lie in. erly define the coordinate system (see Sec. 9.1).

ZHEEQ = rSIn@
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¢ North pole :

Fost limbi i Y[ EWest limb

“Sout ‘bo\e

Fig. 2. A diagram of the Sun, with lines of constant heliocentricFig. 3. A diagram of the Sun demonstrating heliocentric-radial coor-
cartesian positionq y) overlayed. The axis points out of the page. dinates, with lines of constant impact paramet@nd position angle
¢ overlayed. The value af at each of the four compass points is also
shown. Thez axis points out of the page.
The class of observer-dependent heliocentric coordinate

systems discussed in this report falls into two subcategories: ,
heliocentric-cartesian and heliocentric-radial. gles. Although there’s a one-to-one correspondence between

the heliocentric parameters and the helioprojective parameters,
the latter is really an observer-centric system. When the ob-
3.1. Heliocentric-Cartesian Coordinates server is on or just above Earth, these can be described as geo-

o . . . ntric coordinate systems.
This is a true X, y, 2) Cartesian coordinate system, with each che y

the axes being perpendicular to each other, and with all lin All projective angles discussed here have an origin at disk
9 perp . ! ! IN&Snter. This is the apparent disk center as seen by the observer,
of constantx (ory or 2) being parallel to each other. Thexis

) . . .. without any corrections made for light travel time or aberra-
is defined to be parallel to the observer-Sun line, pointing y g

- : . ons. Such considerations do not play a role in these solar-
ward the observer. Theaxis is defined to be perpendicular 1 ecifi . play
. L : pecific coordinate systems.
zand in the plane containing both thaxis and the solar North

I . ithy | ing d lar North. Theaxi Because helioprojective coordinates are ultimately spher-
pole axis, withy increasing towards solar North. 1heaxiS .. in pature, the full map-projection aspects of WCS come
is defined to be perpendicular to bottandz, with x increas-

. d lar Wi Thus. it i ioht-handed di into play. Thus, one must take into account exactly what map
Ing towards so arv est. Thus, it Is arng t-han ed coordin ?orj]ections are used in taking the data.
system. Each axis is expressed as either a physical distance |

meters, or relative t&,. The heliocentric-cartesian coordinate
system is demonstrated in Fig. 2. 4.1. Helioprojective-Cartesian Coordinates

This is the projected equivalent of heliocentric-cartesian co-
3.2. Heliocentric-Radial Coordinates ordinates, where the distance parametersand y are re-
. . ] ] ) placed with the angleg, andé,. Close to the Sun, where the
Heliocentric-radial coordinates share the sameaxis as gmgall angle approximation holds, the heliocentric-cartesian and

heliocentric-cartesian coordinates, but replacg)with (0.).  helioprojective-cartesian are related through the equations
The parametep is the radial distance from theaxis, and is

also known as the impact parameter. It is expressed either a@@d(i)gx ~ DO(L)QX, (3)
physical distance or relative ®,. Surfaces of constaptform 180 180

cylinders. The position angl¢ is measured in degrees coun- P
terclockwise from the projection of the solar North pole. Thi¥~ d(@
coordinate system is demonstrated in Fig. 3.

T
Oy ~ Dg(—=)0
)6y ~ Do(755)0-
whered is the distance between the observer and the feature,
andDy, is the distance between the observer and Sun center. At
4. Projected Coordinate Systems farther distances, where the distinction between distance and

. . . angle becomes more important, the definition of what is meant
Data taken from a single perspective can only approximate torfl)Je

heliocentric coordinates. A more precise rendition of coor Y the angles andt ml.JSt. be made more ex_pI|C|t. The most
. . . easonable way to do this is to treqtas a longitude and, as

nates sho_uld recognize Fhat observatlons_ are projected agaj giitude. This is demonstrated in Fig. 4,

the celestial sphere. This class of coordinate systems, whic The most straightforward equivalent zin the heliopro-

we wil caII_ helioprojective, mimics the he||_ocent_r|c Coord'n_at'ective system would bd. This does, however, have the slight
systems discussed above, replacing physical distances with'an-
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4.2.1. Computing the Surface Normal

A variation on radial coordinates involves replacing either
or 6, with the cosine of the angle between the surface normal
and the line of sight to the observer. This parametevaries
between 1 at disk center to 0 at the limb. Because this describes
spatial positions at the Sun’s surface, it has the same limitations
as heliographic coordinates. (See Sec. 2.)

The conversion between heliocentric coordinates jaisl
quite simple

1= +/1-(0/Ro)% @)

On the other hand, the conversion between helioprojective co-
ordinates ang is more complicated, and is given by
1-ab
O T 8
Fig. 4. The helioprojective-cartesian coordinate system extended out- (1+2°)(1+Db7)

ward to a full celestial hemisphere. The lines of constgnand 6, where
are drawn as if looking straight down into the interior surface of A_t
X . . . o = tané,,
hemispherical bowl—in the WCS this is known aSE projection.
Only in an area close to the Sun (shown not to scale) is the coordingte- \/Ré(l +a?) — a2D?
system close to Cartesian. ©

p. &b-0
= 5—.
. . ) a‘D+q
drqwback of making .th|s a Ieft-haqded cpordlnate SYStem'l-g?wever, whenD, > R, the distinction between Egs. (7)
a rlght-h_anded coorc_hr?ate syster_n is desired, then this canid (8) is negligible. Only wheby, is within 8 solar radii does
accomplished by defining the varialjles the error grow to 0.1%, and at 1 A.U. the approximation is good
£ =Dy -d. (4) to almost six significant figures. Thus, for most applications,
Eq. (8) can be simplified to
Surfaces of constarit would be concentric spheres centered
on the observer, with the sphere representing0 passing 4~ 1= Oo/Gpimp)* 9)

through the center of the Sun. Positive values wbuld repre-
sent points closer in to the observer than Sun center, while n6g\World Coordinate System Implementations

ative values would represent points farther out than Sun centerbI 2 Il th i terred to in thi
Close to the Surt ~ z. Table 2 lists all the coordinate parameters referred to in this

document, together with their units and WCS labels, where ap-
propriate. The WCS labels are designed to be useii#pEi
4.2. Helioprojective-Radial Coordinates declarations, e. @ TYPE1="HPLN-TAN’. They also serve as the

This is the helioprojective equivalent of heliocentric-radiafaSIS for a family of keywords establishing the viewer's loca-

. . . lon (see Sec. 9.1). Spherical coordinates, i.e. heliographic or
where the impact parametpris replaced with the anglé,. . D X X

. g . . helioprojective, are always in pairs of the forxLN/xxL_T, for
Again, this is a spherical coordinate system, and the map pyo- . . S N
A . ongitude and latitude, which is why some quantities in Table 2
jection rules come into play. Close to the Sun, where the
L : . . have synonyms.

small-angle approximation holds, the heliocentric-radial an . . . . .
Map projections do not enter into heliocentric coordinates,

helioprojective-radial impact parameters are related througrq d therefore the axis labels will simply be the appropriate

the equation four-letter designation as given in Table 2. THBIITi keyword

n Ul will give the units of the coordinate values. Some examples of
~ d(=—==)0, = Do(=—==)0,. 5 . . .
P (180") v ®(18(?) ? ©) valid entries foICUNITi are
Note that 6, =0 at one pole of the helioprojective- CUNIT1 = ’'m ’ /meter
radial system, where most spherical coordinate systems haveCUNIT1 = ’km * /kilometer
6 = +90° at the poles. We resolve this by defining the declina- CUNIT1 = ’Mm > /megameter
tion parameter CUNIT1 = ’solRad ’ /solar radius
5, =0, 90. (6) See Greisen & Calabretta (2002) for more information.

The heliographic and helioprojective coordinate systems,
To satisfy the requirements of WCS coordinate transform fdrewever, are spherical in nature, and therefore are subject to the
malism, angular coordinates in FITS files will be expressed amp projection formalism described in Calabretta & Greisen
(6, ¥) pairs. The conversion taf, ) is then accomplished (2002). Some of the more common projections used are dis-
simply asg, = 6, + 90°. cussed below.
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Table 2. A complete list of all coordinate parameters referred to in this
document. Also included is the associated WCS label where appropri-
ate, and the units in which the parameters are expressed. Parameters

default value is 0. For helioprojective-cartesian co-
ordinates, this should normally be T8&erywhere.

given in meters can also be expressed as relative to the solar F%d'usl\/lost observations using the helioprojective coordinate system

Par Units WCSlabel Description

t - Observation daféme

Ry, m Solar radius# 6.96 x 10° m)

Do m DSUN Distance between the observer and
Sun center

(C] deg HGLT Heliographic latitude

CRLT Synonym when used witbRLN

D deg HGLN Stonyhurst heliographic longitude

®c deg CRLN Carrington heliographic longitude

L, deg Carrington longitude of central
meridian as seen from Earth

r m HECR Radial distance from sun center

h m HECH Radial distance from the solar sur-
face,h=r-R,

X m SOLX Heliocentric westward distance

y m SOLY Heliocentric northward distance

z m SOLZ Heliocentric observerward distance

P m SOLI Heliocentric impact parameter

v deg HCPA Position angle from solar North

HRLN Synonym when used withRLT

0x deg  HPLN Helioprojective westward angle

Oy deg HPLT Helioprojective northward angle

0, deg Helioprojective impact angle

p deg HRLT Helioprojective-radial declination
angle, defined a8, — 90

d m DIST Radial distance from the observer

e m HPRZ Helioprojective analog of, defined
asD, —d

u - Cosine of the angle to the surface
normal

By deg Tilt of the solar North rotational
axis toward the observer (helio-
graphic latitude of the observer)

@, deg Stonyhurst heliographic longitude

of the observer

5.1. TAN: Gnomonic Projection

One common observing method is where a solar image is fo-
cused onto a flat focal plane, such as a CCD detector. The data

will use theTAN projection.

The coordinate axes should be defined so that the associ-
ated parameter is locally increasing. There is, however, an am-
biguity in the helioprojective-radial case when the reference
pixel is disk center. At disk centes, increases in all direc-
tions, and the value af becomes indeterminate. In that case,
the, axis should point toward the solar North pole, while the
Y axis should point toward the East limb. The reference value
for disk center will be given asif, ¢) = (-90°, 0). With these
definitions, the value dfONPOLE will be 180 (the default).

5.2. AZP: Perspective Zenithal Projection

Heliographic coordinates can be described as a perspective
zenithal projection, oAZP. The keywords in this case would
be

CRPIXj: Normally, the pixel coordinates of disk cen-
ter, even if that's outside the array. (However, see
Calabretta & Greisen (2002) for a discussion of
slant zenithal projections.)

CDELTi: For theAZP projection, as in th@AN projec-
tion, the coordinates will be scaled into degrees.
However, because of the geometry of #t#P pro-
jection, these degrees will be larger than the angular
extent on the sky by a factor obg /R, — 1). At a
distance of 1 A.U., this renormalization factor is ap-
proximately 213.9.

CTYPEi: TheCTYPEi keyword for the longitude dimen-
sion will be either’HGLN-AZP’ or ’CRLN-AZP’,
depending on whether Stonyhurst or Carrington he-
liographic longitudes are used, while the value for
the latitude dimension will be eitheHGLT-AZP’
or *CRLT-AZP’ respectively.

PVi_1: This keyword will contain the value-Dy/R,

(note the minus sign), wheiljgs the index of the lat-

itude coordinate axis. At a distance of 1 A.U., this

is approximately -214.9.

can then be described as being in helioprojective-cartesian co-CRVALI: These will specify the latitude and longitude

ordinates. In this case, the gnomonic projectiorfA¥, comes

into play. This will place the following requirements on the

WCS keywords:

CRPIXj: Will express the pixel coordinates of the on-
axis point. Most likely, this will be (or can be ap-
proximated as) the center of the array.

CDELTi: Will scale the coordinates into degrees.

CTYPEi: The values for thed, 6,) coordinate axes will
be ’HPLN-TAN’ and’HPLT-TAN’ respectively.

CRVALi: The coordinates of the reference pixel, in de-
grees.

LONPOLE: The default value is 180unless the refer-
ence pixel has a longitude of 90n which case the

of the reference (disk center) pixel in degrees. Thus,
together with thePVi_1 keyword, the information
about the observer’s position is complete.

LONPOLE: The default value is 180unless the refer-
ence pixel has a longitude of 90in which case
the default value is 0. Unless one is looking straight
down along one of the poles, this should normally
be 180 everywhere.

5.3. SIN: Orthographic Projection

A special case of th&ZP projection is wherDg, is large enough
to be considered to be infinitely far away. This is known as the
SIN projection and is implemented in FITS headers as follows:
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CRPIXj: The pixel coordinates of disk center, even if
that's outside the array.

CDELTi: The plate scale to be used for tREN projec-
tion is 180 /x times the plate scale in solar radii per
pixel.

CTYPEi: TheCTYPEi keyword for the longitude dimen-
sion will be either’HGLN-SIN’ or ’CRLN-SIN’,
while the value for the latitude dimension will be
either’HGLT-SIN’ or *CRLT-SIN’ respectively.

PVi_1: Setto 0, whergis the latitude axis.

PVi_2: Setto 0, whergis the latitude axis.

CRVALi: These will specify the latitude and longitude
of the reference (disk center) pixel in degrees.

LONPOLE: The default value is 180unless the refer-
ence pixel has a longitude of 90in which case
the default value is 0. Unless one is looking straight
down along one of the poles, this should normally

CTYPEi: Either "HGLT-CEA’ or ’CRLT-CEA’, while the same
for the longitude axis will be either HGLN-CEA’ or
"CRLN-CEA’ respectively.

The other keywords are the same as for@hR projection.

6. Sample FITS Headers

Figure 5 shows a sample header for a hypothetical instru-
ment with a plate scale of 3.6 arcgegigel, observing from

1 A.U. The detector is a 1024024 CCD, with the Sun
centered in the CCD. Threeftrent coordinate systems are
shown: heliocentric-cartesian, helioprojective-cartesian, and
Stonyhurst heliographic. Note that the pixel scale for the he-
liographic coordinates i®,/R, — 1 = 2139 times the pixel
scale for the helioprojective coordinates. Although omitted
in the FITS header here to save space, the default value of

LONPOLE=180C is used in both the helioprojective and helio-
graphic coordinate systems. In general, it's recommended that

For most cases, theZP projection is preferable to tr&IN pro- all keywords be included in the header, even when they take
jection, but the latter can be a useful approximation when ri@gfault values.
all the information for the\ZP projection is available. Helioprojective-radial coordinates are demonstrated in
Fig. 6. In this example, a scanning slit spectrometer is used
to scan the corona. The slit is oriented parallel to the limb, and
is scanned outward along a radial at position anglé,-gtart-
g’ng at 18 arcmin (fB) from disk center. Note that the position
Hglew is denoted asHRLN-TAN’ because it is here part of
e helioprojective coordinate system. When used as part of a
gpocentric coordinate system, it simply denoted’ HEPA’.
ote also thab, is used instead of,, so the radial position
@iven as—897 rather than {B. Although not included in
€ FITS header, the default value IlNPOLE=180C is used
in both helioprojective coordinate systems.

As noted earlier, a special case of the use of the
helioprojective-radial coordinate system is when the reference
pixel is disk center. This case is illustrated in Fig. 7 for the same

- observation as in Fig. 5. Note th@DELT1C is the negative of
We propase that the additional keywdlik ROT be used ta he valueCDELT1A shown in Fig. 5, because tljeunit vector

associate the appropriate Carrington rotation number with { € defined points toward the East limb. Consult Calabretta &

observation. For example, a synoptic map covering the periag : . .
- eisen (2002) for more information about how the parameters
beginning on 2 September 1995 would ha#@ ROT = 19060. ( ) b

. o I . are used to define the coordinate system.
For a map containing data beginning within one Carrington ro- y

tation and ending within the next, the value@@R_ROT will be
associated with the reference pixel given by G®®IX| key-
words.

be 180 everywhere.

5.4. CAR: Plate Carrée Projection

Cylindrical projections are well suited for synoptic map
where observations are made over a period of time to bu
up a complete rotation’s worth of data. Either Stonyhurst
Carrington heliographic coordinates can be used. The simpl
kind of cylindrical projection is plate cae CAR), where both .
the longitude and latitude values are equally spaced in degré%
Thus, the values ofRPIX |, CRVALi, andCDELTi are straight- t
forward. TheCTYPEi keyword for the longitude dimension will
be either’ HGLN-CAR’ or ’CRLN-CAR’, while the value for the
latitude dimension will be eithetHGLT-CAR’ or ’ CRLT-CAR’
respectively.

7. Coordinate Conversions

The following equations describe the conversion from one co-
ordinate system into another, and are intended to demonstrate
the relationships between the coordinate systems. Other coor-

L ) ) _dinate conversions not shown below can be derived from those
Another commonly used projection for synoptic maps is cyling,own. Where appropriate, the assumptions to be made when

drical equal areadgA), where the latitude pixels are equallyyne of the dimensions is missing is discussed. When convert-

spaced in the sine of the angle. In its simplest form, the k&) petween heliocentric and helioprojective coordinates, if all

words for thelatitudeaxisi are three spatial dimensions are not present, and no additional con-
straints (such as = R;) can be applied, then the small angle

latitude. _ _ Between Stonyhurst heliographic and heliocentric-
PVi_1: Setto 1. (See Calabretta & Greisen (2002) for a discusrtesian:

sion of the more general case, whek_1 < 1.)
CRVALi: The latitude of the reference pixeRPIXj, in degrees. x = r cosO sin(® — ),

5.5. CEA: Cylindrical Equal Area Projection
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NAXIS = 2 /2D image NAXIS = 3 /3D array
NAXIS1 = 1024 /Number of columns NAXIS1 = 1024 /No. wavelengths
NAXIS2 = 1024 /Number of rows NAXIS2 = 100 /No. slit pixels
NAXIS3 = 100 /No. slit exposures
WCSNAME = ’Heliocentric-cartesian (approximate)’
WCSNAME = ’'Helioprojective-radial’
CTYPE1 = ’SOLX ’ /Axis labels
CTYPE2 = ’SOLY ’ / CTYPE1 = 'WAVE ’ /Wavelength
CRPIX1 = 512.5 /Center of CCD CTYPE2 = ’HRLN-TAN’ /Position angle
CRPIX2 = 512.5 / CTYPE3 = ’HRLT-TAN’ /rad. dist. - 90 deg
CUNIT1 = ’solRad ’ /Solar radii CRPIX1 = 512.5 /Center of CCD
CUNIT2 = ’'solRad ’ / CRPIX2 = 50.5 /Slit center
CDELT1 = 0.00375 /[radii] Plate scale CRPIX3 = 1.0 /First exposure
CDELT2 = 0.00375 / CUNIT1 = ’Angstrom’ /Wavelenth in Ang.
CRVAL1 = 0.0 /Sun center CUNIT2 = ’deg ! /Angles in degrees
CRVAL2 = 0.0 / CUNIT3 = ’deg ’ /
CDELT1 = 0.1 /Wavelength scale
WCSNAMEA= ’Helioprojective-cartesian’ CDELT2 = 0.001 /Slit pixel size
CDELT3 = 0.001 /Scan step size
CTYPE1A = 'HPLN-TAN’ /Axis labels (ThetaX) CRVAL1 = 350.0 /Reference wavelength
CTYPE2A = 'HPLT-TAN’ / (ThetaY) CRVAL2 = -45.0 /Pos. angle slit cntr
CRPIX1A = 512.5 /Center of CCD CRVAL3 = -89.7 /Rad. dist. 18 arcmin
CRPIX2A = 512.5 /
CUNIT1A = ’deg ’ /Angles in degrees WCSNAMEA= ’'Helioprojective-cartesian’
CUNIT2A = ’deg ’ /
CDELTIA = 0.001 /[deg] Plate scale CTYPE1A = 'WAVE ! /Wavelength
CDELT2A = 0.001 / CTYPE2A = ’HPLT-TAN’ /Theta_Y
CRVAL1A = 0.0 /Sun center CTYPE3A = ’HPLN-TAN’ /Theta_X
CRVAL2A = 0.0 / CRPIX1A = 512.5 /Center of CCD
CRPIX2A = 50.5 /Slit center
WCSNAMEB= ’Stonyhurst heliographic’ CRPIX3A = 1.0 /First exposure
CUNIT1A = ’Angstrom’ /Wavelength in Ang.
CTYPE1B = ’'HGLN-AZP’ /Heliogr. longitude CUNIT2A = ’deg ! /Angles in degrees
CTYPE2B = 'HGLT-AZP’ / latitude CUNIT3A = ’deg ’ /
CRPIX1B = 512.5 /Center of CCD CDELTI1A = 0.1 /Wavelength scale
CRPIX2B = 512.5 / CDELT2A = 0.001 /Scale after rotation
CUNIT1B = ’deg ’ /Angles in degrees CDELT3A = 0.001 /
CUNIT2B = ’deg ’ / PC1_1A 1.0 /No wavelength trans.
CDELTIB = 0.2139 /0.001*(Dsun/Rsun-1) PC2_2A = 0.707107 /Rotates by 45 deg.
CDELT2B = 0.2139 / PC2_3A = 0.707107 /
CRVAL1B = 0.0 /Central meridian PC3_2A -0.707107 /
CRVAL2B = 6.5 /BO® angle PC3_3A = 0.707107 /
PV2_1B = -214.9 /Negative Dsun/Rsun CRVAL1A = 350.0 /Reference wavelength
CRVAL2A = 0.212132 /Coord. of ref. pixel
CRVAL3A = 0.212132 /

Fig.5. Sample FITS header, demonstrating heliocentric-cartesian,
helioprojective-cartesian, and Stonyhurst heliographic coordinates for

Fig. 6. Sample FITS header, demonstrating helioprojective-radial, and
helioprojective-cartesian coordinates for the same array. See text for
details. For simplicity, not all FITS keywords are shown.

thereforez = (/R% — x2 — y2,

Between heliocentric-cartesian and heliocentric-radial:

the same array. For simplicity, not all FITS keywords are shown

y = r[sin® cosBy — cos® cos — Og) SinBy],
Z = r[sin®sinBy + cos® cos( — ®g) cosBy],

R+ Y2+ 22,

(10)

r

® = sinY((ycosBy + zsinBy)/r), P = JXR+Y2,
® = dg + argzcosBy — ysinBo, X), Y = argfy, —x),

whereBy and®g are the Stonyhurst heliographic latitude and
longitude of the observer. If thedimension is missing, then .
we make the assumption that R,. If the z dimension is X = —pPSINY,
missing, then we again make the assumption thalR,, and y = +pcosy,
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WCSNAMEC=

CTYPEILC =
CTYPE2C =
CRPIX1C =
CRPIX2C =
CUNIT1C =
CUNIT2C =
CDELTIC =
CDELT2C =
CRVALIC =
CRVAL2C =
LONPOLEC=

Fig.7. Sample portion of a FITS header,
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"Helioprojective-radial’

"HRLN-TAN’
"HRLT-TAN’
512.5
512.5
'deg )
' deg )
-0.001
0.001
0.0
-90.0
180.0

/Position Angle
/Delta_Rho

/Center of CCD

/

/Angles in degrees

/

/Lat. -> E (deg/pix)
/Long. -> N (deg/pix)
/Ref. latitude is ®
/Sun center

/Default value

YHEEQa
ZHEEQ COSBO - XHEEQ S|n BO,
ZHEEQ S|n BO + XHEEQ COSBO,

z

whereBy is the tilt of the solar North rotation axis toward Earth.
For further conversion to other space physics coordinate sys-
tems, see Russell (1971), Hapgood (1992), adthE& Harper
(2002).

7.2. Pseudo-angles and the TAN projection

Solar astronomers have not traditionally used spherical
trigonometry for image coordinates, except in the heliographic

demonstratingase. Instead, it's more common to work in pseudo-angles

helioprojective-radial coordinates for the same array shown fgpresenting the plate scale of the instrument. These pseudo-

Fig. 5.
z=12z
Between helioprojective-cartesian
cartesian:
= dcosby sinby,
y = dsiné,,
z = Dy — dcosty costy,

Between helioprojective-radial and heliocentric-radial:

d= \/x2+y2+(D®—z)2,
Ox = argDo - 2 ),

6y = sin(y/d).

p = dsing,,

o=y,

z = Dy —dcost,,

gp = arg(DQ_Z’p)s
Vo=,

d = o2+ (Ds - 22

and

(13)

7.1. Converting to Space Physics Coordinates

angles vary as the tangent of the actual angles. This is identical
to working in the gnomonicTaN) projection. Close to the Sun,

the pseudo-angles are approximately equal to their real angle
counterparts. (From 1 A.U., on the solar disk, they're the same

heliocentrigq at least five significant figures.)

The relationship between the pseudo-anglend the ac-
tual angled, is fairly simple,

180
= [==|tane,,
v/

6, = tan* [(—ﬂ )pg],
180

while the relationships for helioprojective-cartesian coordi-
nates are somewhat more complicated,

(180’)
= | —— |tanéy,
T

_ (180 tan6y
Yo =% costy’
S EN]

180

6 =tan’1( T ) Yo }
g 180/ \/1+ (nx,/180)2

(In the above we assume that the pseudo-anglesy, andyy

are all expressed in pseudo-degrees; hence the conversion fac-
tors of 180/x. Additional conversion factors would be needed
for pseudo-arcminutes or pseudo-arcseconds. We also assume

The simplest relationship between the solar imaging coorgliat the optical axis is aligned with Sun center, to simplify the

nate systems discussed above and the coordinate systems gig@éission.) Although the conversion between pseudo-angles
in space physics is that between Heliocentric Cartesian ¢@rd true angles is not necessarily simple, pseudo-angles are
ordinates and Heliocentric Earth Equatorial (HEEQ) coordinych easier to deal with than true angles, and act more like he-

nates (Hapgood 1992). In HEEQ coordinates,Zh&q axis is
aligned with the solar North rotation pole, while tigeeq axis

liocentric coordinates. For example, in pseudo-angles, the rela-
tionships between helioprojective-cartesian and helioprojective

points toward the intersection between the solar equator a@dial coordinates are the same as their heliocentric counter-
the solar central meridian as seen from Earth. The conversigtts:

between Heliocentric Cartesiax {, 2) as seen from Earth, and
Heliocentric Earth EquatoriaXueeq, Yheeq, Zreeo) is then

XHEEQ =
Yheeg = %,

ZHEEQ =

ZcosBy — ysinBy,

zsinBy + y cosBy,

\ X6? + Vo2,

Po =

Y = argls, —%),

Xy = —po SNy,
(14) ys = +pycCOSY.
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The approximations of Egs. (3) and (5) work equally well witffable 3. Comparison of the FITS coordinate keywords in the old and
the pseudo anglesy, vy, ps as with their real-angle counter-new system, for helioprojective-cartesian coordinates irT#epro-

parts. In fact, the distances jection. The phrase “exactly the same” assumes that the same units
- are used in both cases. See Sec. 9.2 for a discussion of angular units.
X = DO(—) Xg, Although CUNITi did not appear in the original Wells et al. (1981)
1573{0) paper, it has been commonly used.
Y =De ( 180° )yg’ Keyword Original WCS
o = Do (L)pe, CRPIX] Exactly the same in both systems
180 CRVALI Exactly the same in both systems
are true distances of the projection of a point ontozhke0  CDELTi  Exactly the same in both systems
plane. CROTAI Rotation angle  Obsolete
PCi_j Not used ReplaceXROTAI

As noted before, the pseudo anglgs y,) are equivalent to LTI Exactly th i both svst
the true helioprojective angleg,(6y) as implemented in @AN CUNLTI xactly the same In both systems
o CTYPEi SOLARX HPLN-TAN
projection. In fact, these are what would be calculated from the SOLARY HPLT-TAN
WCS keywords if the spherical transformation implied by the
letters-TAN in theCTYPEi keywords was not applied. We antic-

ipate that this is how the helioprojective-cartesian coordinaigss older system should include the keywo€&BIX j, CRVALI,
with theTAN projection in FITS files will often be implementedcpELTi, CTYPEi, CUNITi, and optionallyCROTAI if the image is
within the solar community. In other words, the coordinategtated. WhercROTAI is included, then the conversion from
will be calculated from th€RPIXj, CRVALi, CDELTi, PCi_j pixel coordinatesi(j) to spatial coordinatesx(y) should be

(or CROTAI) keywords in the normal fashion, with the result bedone via the following equations (Calabretta & Greisen 2002).
ing the pseudo-angles described above. We believe that this is

a proper approach for most data analysis, so long as the under CROTA],
lying spherical nature of the coordinates can be retrieved whgn= CDELTi x cosy x i — CDELT| X siny X |, (15)
necessary. To that end, the coordinates should be marked in)}
FITS header as being in tHAN projection, even though this
will not normally afect how the coordinates are read in ang@iherei is thex-like axis, andj is they-like axis. This is equiv-
applied. alent in the WCS to @D matrix with the following definition:
The situation is somewhat fegrent with helioprojective- o
radial coordinates, which require the full WCS spherical forCDI-I

N€ CDELTI x siny x i + CDELT] x cosy x j,

+CDELTi X COSCROTA)),

malism to make sense of the information in the FITS headefdi_j = —CDELT| x Sin(CROTA}), (16)
when theTAN projection is used. CDj.i = +CDELTI x Sin(CROTA]),
CDj_j = +CDELT| X COSCROTA]),

8. The older FITS coordinate system

. or,to aPC matrix with the following definition:
Over the last few years, an informal standard has been devel- 9

oping for solar image coordinates in FITS files, using the oldafci_j = + cosCROTA)),

FITS keywords rather than the newer WCS formalism. Thig,; j = —Sin(CROTA]) x (CDELT]/CDELTi) (17)
system has the following characteristics: o . i : v
) ) PCji = +sin(CROTAj) x (CDELTi/CDELT]),
— The coordinate axes correspond to Fig. 2. PCj_j = +COSCROTA]).

— The coordinate axis labels vary, or are omitted, but are typ-

ically SOLARX, SOLARY, as used by the SOHO project.  (The inverse problem of decomposing@matrix into CROTA

— The coordinates are usually expressed in arcseconds {@tyes, and how to determine if such a decomposition is pos-
though the appropriat€UNITi keywords may not appearsiple, is discussed in Calabretta & Greisen (2002).) Table 3
in the header). However, no map projections are explicithows the usage of the various FITS coordinate system key-
given, and the distinction between heliocentric and heligyords in the old and new systems.
projective coordinates is glossed over. There has also recently been growing usage of some meta-

This system can be incorporated into the overall formalism béata keywords for solar images, such XcEN, YCEN, and

ing considered here by recognizing that the coordinates giv¥SLE. Although these are very useful keywords for cataloging

in such a system are actually the pseudo-angles discuss@i§ of observations, they shouldverbe considered as sub-

in Sec. 7.2. Thus, this system is implicitly helioprojectivestitutes for the standard FITS coordinate system keywords.

cartesian with the standaTdN projection. However, these can also be incorporated by making the identi-
Although we encourage the eventual adoption of a Wc#cations

based system, FITS readers should also be written to parse f&%ﬁle

using the older coordinate system described above, as an im-

plicit helioprojective-cartesian system. This format is accetRP1X2

able for simple two-dimensional solar images. FITS files usir@gRVAL1

(NAXIS1 +1)/2,
(NAXIS2 +1)/2,
XCEN, (18)
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Table 4. Standard space physics coordinate systems from RusSelble 5. Alternate angular units.
[1971], Hapgood [1992], and &nz and Harper [2002], together with

their associated WCS labels fOTYPEi declarations. Unit String  Meaning Notes
deg degree of arc /180 radians
Coordinate system Abbrev. WCS labels arcmin minute of arc 160 degree
Geocentric equatorial inertial ~ GEI GEIX, GEIY, GEIZ arcsec second of arc /B600 degree
Geographic GEO  GEOX, GEOY, GEOZ mas millisecond of arc 13600000 degree
Geocentric solar ecliptic GSE  GSEX, GSEY, GSEZ rad radian 180 degrees
Geocentric solar magnetic GSM  GSMX, GSMY, GSMZ
Solar magnetic SM SM X, SM.Y, SM.Z
Geomagnetic MAG  MAGX, MAGY, MAGZ & Greisen 2002). However, it is also common in solar ob-
Helicentric Aries Ecliptic HAE HAEX, HAEY, HAEZ servations to express the coordinates in arcseconds from

Heliocentric Earth Ecliptic HEE  HEEX, HEEY, HEEZ disk center. This possibility was presaged in Sec. 7.2, where
Heliocentric Earth Equatorial HEEQ HEQX, HEQY, HEQZ helioprojective-cartesian pseudo-angles can be calculated from

Heliocentric Intertial HCl  HCIX, HCIY, HCIZ  the FITS header parameters without resorting to spherical co-
ordinate calculations, which is not the case for helioprojective-
CRVAL2 = YCEN, radial coordinates. Thusnly for the limited case where the

coordinate axes at#PLN-TAN andHPLT-TAN, it can be appro-
priate to express the coordinates in units other than degrees.
Although strongly discouraged, the World Coordinate System
(Greisen & Calabretta 2002) does allow for this possibility
9. Additional Considerations through theCUNITi keyword, which can take on the values
given in Table 5. For example, if units of arcseconds is desired
for a two dimensional image array, then this could be specified
As mentioned earlier, some of the coordinate systems méy-setting

tioned here are oriented with one of the coordinate axes point-

CROTA1 = ANGLE,
CROTA2 = ANGLE.

9.1. Observer’s Position

. . . CTYPE1 = 'HPLN-TAN’
ing toward the observer. Therefore, information should be , ,
| d in the EITS header t ifv the Vi s | i CUNIT1 = ’arcsec

placed in the eader to specify the viewer’s location. CTYPE2 = 'HPLT-TAN’

This is done by using the labels listed in Table 2 followed by CUNIT?2
the characters_0BS”. Since there’s no standard mechanism

for specifying what units that the value of a keyword in th&his allows for compatibility with other proposed standards for
header takes, all distance keywords will have the unié¢éers solar image data, which have generally called for coordinates
while angular keywords are idegreesin principal, any stan- to be expressed in arcseconds. Note that the value GIRFETi

dard coordinate system could be used to specify the positiorkefywordonly applies to the keyword&RVALi, andCDELTi (or

the observer, but it is recommended that at least the keywoaé_j). All other angular keywords, such a6NPOLE, CROTAI,
DSUN_OBS, HGLN_OBS, andHGLT_OBS be included to specify the etc.,mustbe in degrees.

Stonyhurst heliographic coordinates of the observer. For exam-

ple, a FITS header might include the lines

= ’arcsec

9.3. Celestial coordinates

DSUN_OBS= 1.507E+11 . L . .
HCLN._OBS= 0.0 Although the helioprojective coordinates described here are
HGLT_OBS= 7 és similar in many ways to celestial coordinates, they have not

been defined to be applicable to any other bodies than the Sun

If the observer’s position is not specified, then it should be agnd its atmosphere. A solar data set may also contain other as-
sumed that the observation was made from Earth, or from lessnomical bodies of interest, such as sun-grazing comets or
Earth orbit. calibration stars. Analysis of these extra-solar targets would be

The observer’s position can also be specified in any afded by including additional coordinate information in one of
the standard space physics coordinate systems (Russell 197d traditional celestial coordinate systems (e.g R.A., Dec.) as
Hapgood 1992; Famz & Harper 2002). Table 4 lists these codiscussed in Calabretta & Greisen (2002). This is particularly
ordinate systems, together with their associated WCS labetge when the solar coordinates are expressed in arcseconds,
Like the other keywords discussed in this document, the ahich may cause trouble for software used by non-solar as-
server’s position would be specified in the header by appendiagnomers.
the characters OBS”, e.g.HEQX_OBS, HEQY_OBS, HEQZ_OBS.
In keeping with WCS standards, the values of these keyworfa Conclusions
would be inmeters '
We have presented a standardized coordinate system for solar
image data which is precise, rigorous, and comprehensive. It
builds on current standards, and extends them for the needs
It has long been standard in FITS files that angular measuoé-future missions. Both terrestrial and non-terrestrial view-
ments be expressed in degrees (Wells et al. 1981; Calabrptimts are supported. By incorporating the emerging World

9.2. Other Angular Units
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Coordinate System standard, compatibility with future astroof the manuscript, and for helping with details concerning the World
omy software is ensured, and a powerful level of flexibility i€oordinate System. This work was supported by NASA Contract
achieved. Many current FITS files are incorporated as a spedi&iS5-32350.
subset of the new system.

The coordinate systems presented here have the follow
characteristics:

lRBpendix A: Time

— Stonyhurst and Carrington heliographic coordinates d%though a complete description of the specification of date

defined to be the same for all observers. Two observ&%d time in FITS files is beyond the scope of this document,

with distinctly different perspectives, such as the STEREYE wish to bring the reader’s attention to the revised specifi-

spacecraft, would measure the same heliographic coor%?—tion folz_dat(ess in FITS files, W.hiCh was Edopteg by thg IA#
nates for a feature at= R, Fits Working Group (IAUFWG) in November 1997 (Hanisc

— Helioprojective coordinates, and the associated heliocﬁéal'nzim)' TQ'S a}[pptl'les nqtthotrlr:y 'iot:he IzeyWOT;AiTEr; OkB 5,
tric systems discussed here, are observer-specific. dvordas csr):v'\tlgliesoiearolp?wvgl formg \E;Vﬁerf oTrﬁy thgc datg-s e
observers with dferent perspectives, such as STEREQ, ", ' }
persp @uwed, these keywords can take the form “CCYY-MM-DD”,

would measure dlierent coordinates for the same feature’ ; ) -
because one axis always points towards the observer. where “CCYY” is the century and year (i.e. the four-digit year),
“MM” is the two-digit month, and “DD” is the two-digit day-

— The keyword$IGLN_OBS, HGLT_OBS, andDIST_OBS specify ; th F |
the position of the observer. of-month. For example,

We recommend that new solar data be written using DATE-OBS= ’2000-03-27’

the World Coordinate System formalism discussed here. The

simplest of the WCS-compliant coordinate systems is tH&€ time can also be included, separated from the year by

helioprojective-cartesian system in tiaN projection, and is e letter “T". In that case, the date keywords take the form

also the best match to current practice for many observateCY Y-MM-DDThh:mm:ss[.sss...]", where *hh”, “mm”, and
‘ss” are the hours, minutes, and seconds respectively, and

ries. A simple way to implement this scheme, when no rotatioﬁsn - X
needs to be applied, is to set where the seconds can be expanded to an arbitrary fraction.

For example,

CRPIXj = (NAXISi +1)/2
DATE-OBS= ’2000-03-27T22:01:41.123’

CRVALI = (pointing of center of image in arcseconds)

CDELTi = (pixel spacing in arcseconds) Unless otherwise specified, the dates and times are assumed
CUNITi = ’arcsec '’ to be in Coordinated Universal Time (UTC) (except BTE
CTYPEL = 'HPLN-TAN’ itself, where no assumptions are made).

Before the IAUFWG adopted the above convention, the
SOHO project adopted a similar convention, using the keyword
Alternatively, theCRPIXj values can represent the position oPATE_OBS in place ofDATE-OBS to avoid conflict with the pre-
disk center in the image, and theéRVALi = 0. vious standard. Although the standard adopted by SOHO and

Although this proposal treats solar images as a spheritater by the IAUFWG are both ultimately based upon 1ISO-8601
coordinate system, the complete formalism of spherical cogfSO 1988), the SOHMATE_0BS keyword was based upon
dinates is not required for most solar images. So long as theanrecommendation by the Consultative Committee for Space
strument field-of-view is on the order of a few degrees or leddata Systems (CCSDS 1990) which was less restrictive than
the coordinates can be treated as planar to a high degree ofwtat the IAUFWG finally adopted. The SOHO keyword dif-
curacy. Thus, when the helioprojective-cartesian system is uset from the IAUFWG specification in the following ways:
with theTAN projection, FITS reader software can leave the co- ) ) _
ordinates as pseudo-angles in the TAN projection rather than It allowed, and in fact encouraged, the date-time string to
converting into spherical angles. This is the same way that the €nd in the letter “Z” to indicate the UTC time-zone. The
coordinates of solar images are currently handled. Files using "AUFWG decided to not allow this. o
the older non-WCS system can be treated as being implicitly 't @llowed a variation where the day-of-year was given in-
helioprojective-cartesian with tHEAN projection. stead of the month and day, which was also not allowed by

However, the spherical coordinate map projection capabil- the IAUFWG.
ities of the World Coordinate Systentter a large amount of .
flexibility in dealing with data which are not cast in straightfor- "¢ SOHO project adopted the non-standRATE.0BS

ward Cartesian terms. With the appropriate map projectior'fseywOrd to address Y2K issues which the FITS committees

. . . d not yet addressed, and to allow for the specification of time
one can handle not only images, but also synoptic maps in {i];%well as date. Now that the FITS standard addresses these

heliographic system, and maps of the corona in radial distance . .
and p?osi[zion azgle P same issues, one should consider the SQHATE_OBS key-

' word to be deprecated in favor of the standbA@E-0BS key-
AcknowledgementsThe author would like to thank Craig DeForresword. For backwards compatibility, both forms are acceptable,

for inspiring this work, and Mark Calabretta for reviewing early draftut DATE-OBS is to be preferred.

CTYPE2 = 'HPLT-TAN’
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Similarly, the diference betweenand/ is

I R N I T s z-¢ (Do — 22+ p? — (Do - 2)

R T
[ T S R e S T 2\Dp-2)°

which is about half the potential errorinand scales similarly.
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SinceD, = 2149R, for an observer at 1 A.U., the errors are
on the order of 1% or less for features relatively close to the
Sun, and can often be ignored. The potential discrepency grows
rapidly, however, at farther distances from the Sun. If we make
the assumption that the range ofwvhich may contribute to

the line-of-sight intensity scales asthen the possible amount

of error scales ag?. The distinction between heliocentric and
helioprojective coordinates is therefore important for observa-
tions made far out into the corona, particularly for tomographic
purposes.
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Appendix B: Comparison of Heliocentric and
Helioprojective Coordinates
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